Blood pressure (BP) is known to vary by time of day and day of year. Studies differ substantially on the magnitude of the effect and there is doubt whether variation is clinically meaningful. We used more than 2 million BP measurements obtained between 1996 and 2004 from Geisinger Clinic primary care patients. General estimating equations were used to determine the effect of time of day and month of year on the probability of identifying BP values above four diagnostic cutoff points (SBPX120 mm Hg, SBPX140 mm Hg, DBPX80 mm Hg, DBPX90 mm Hg). Time of day and month of year were significantly associated with the odds of measuring elevated BP, regardless of definition. The odds ratio (OR) for SBPX120 mm Hg in the evening (1900 hours) versus midday (1200 hours) was 1.32 (Po0.001). The OR for SBPX120 mm Hg in winter to summer months was 1.24 (Po0.001). Similar results were found for each age/gender group. These data indicate that in clinical practice, measurement of an elevated BP may vary by 40% depending on the time of day and month of year. The magnitude of the variability in BP measurement attributable to the combined effect of these temporal factors is clinically significant. Anticipation of changes in BP attributable to temporal factors may improve accuracy of diagnosis and precision of therapy.
Introduction
Hypertension is a significant clinical and public health problem, affecting an estimated 28% of Americans, and is a key risk factor for cardiovascular morbidity and mortality. 1 Detection and monitoring of elevated blood pressure (BP) in practice is influenced by a number of factors including short-and long-term variations in BP. 2, 3 Physiologic factors such as activity level and behavioral and environmental factors are known to influence BP and introduce variability in beat-tobeat BP. 4 Circadian variability, a predictable pattern of variability over a 24-h period, has been documented. 5, 6 The highest BPs occur during the day time and the lowest at night, during sleep (known as the nocturnal dip). 2, 3, [5] [6] [7] BP also appears to vary by season 6, 8, 9 with the highest measurements occurring during winter months. Although temporal factors have been individually studied in research settings, relatively little is known about the composite influence of these factors in clinical practice, on designating a patient as hypertensive, and about the possible interactions with patient features. We examined the influence of temporal factors on clinical measures of BP by making use of approximately 2 million BP measurements in Geisinger Clinic patients.
Methods
In this section, we describe the Geisinger Clinic electronic health record (EHR), BP and other data extracted for this analysis, and statistical methods. The study was reviewed and approved by the Geisinger Health System Institutional Review Board.
Population
Geisinger Health System is a diversified health-care provider in central and northeastern Pennsylvania. The system encompasses the Geisinger Clinic, a multi-specialty practice that has had as many as 57 clinic sites (now 54), of which 41 are community practice sites, and 730 employed physicians and physician's assistants. From 1996 to 2001, the Epic Systems Corporation EHR system was installed in Geisinger Clinics. This system allows for the integration of clinical information across diverse settings of care and makes all patient information available in digital form. BPs performed for diagnostic reasons are routinely recorded during the patient encounter in defined EHR fields and were used in this study.
The Geisinger Clinic patient population includes residents from central and northeastern Pennsylvania. The sample selected for this study includes all persons over the age of 18 years who had a Geisinger Clinic outpatient encounter at a family practice or internal medicine primary-care clinic recorded in the EHR between 1 September 1996 and 31 May 2004. All adult encounters with a documented BP measurement were considered in the analysis, giving a total of 2 078 190 measurements from 248 123 patients (average of 8.3 measurements per patient).
Relevant data were exported from the EHR into an SAS data file. Information from eligible patients extracted for analysis included clinical information (systolic and diastolic BP, height, weight, treatment status), demographic factors (age, gender, race/ ethnicity) and encounter details such as date and time of appointment.
Blood pressure measurements with a systolic blood pressure (SBP) between 50 and 350 mm Hg and a diastolic blood pressure (DBP) between 40 and 250 mm Hg were considered for analysis. Measurements occurring on Saturday or Sunday and those occurring between 2000 and 0659 hours (n ¼ 31 218) were removed from the analysis because they accounted for less than 1.5% of the data and were not representative of the encounters occurring during normal business hours. Business hours for the majority of Geisinger Clinics are between 0800 and 1700 hours although larger clinics often have extended hours continuing into the evening.
The measurement of BP in all Geisinger Clinics is performed with sphygmomanometers from a single manufacturer. Individual clinics order whichever model they choose. During the study time frame, the majority of clinics were using aneroid sphygmomanometers. However, measurements were also taken using mercury sphygmomanometers. The calibration and maintenance of sphygmomanometers are performed by International Shared Solutions, a wholly owned subsidiary of Geisinger Health System. Each instrument is inspected prior to being put into service and annually thereafter. The inspection includes qualitative tests (such as inspection of the cuff, bladder and tubing), quantitative tests (including inflation/deflation rate and gauge accuracy) and preventive maintenance (including cleaning). Each inspection is documented through the use of an eight-digit unique control code. The first four digits of this control code identify the clinic in which the instrument is used whereas the last four digits specifically identify the instrument. Although there is no standard period of service for these instruments (5 years for example), any instrument found to be malfunctioning or unable to pass inspection is immediately taken out of service.
Statistical analysis
Characteristics of the study population were described using means and percentages, as appropriate. General estimating equations (GEE) were used to summarize the repeated measures data and to determine if temporal factors (time of day, month of year and day of week) predict probability of elevated BP measurements and to determine if the same temporal factors predict mean BP. GEE models controlled for the correlation due to repeated measures within each individual. Four diagnostic cut points were used to define an elevated BP measurement: SBPX120 mm Hg, SBPX140 mm Hg, DBPX80 mm Hg and DBPX90 mm Hg. Analyses were conducted with and without controlling for confounding variables (that is, age, gender, history of hypertension and history of use of hypertensive medication). Similarly, all two-and three-way interactions of age and gender with time of day, month of year and day of week were examined. The predicted probabilities of elevated BP were calculated for various combinations of temporal factors. A random 50% sample from the total eligible patient population was used for model exploration and development. The remaining 50% of the total eligible patient population was used to validate the final model. SAS version 8.1 (Statistical Analysis System, Cary, NC, USA) was used for data manipulation and statistical analysis. All tests were two-sided and P-values less than 0.05 were considered significant.
Results
There were a total of 2 078 190 measurements from 248 123 patients aged 18 years and older (average of 8.3 measurements per patient). The population was 55.4% female and predominantly Caucasian (95%), with a mean age of 53 (s.d. ¼ 18, range ¼ (18, 106)) at the time of the encounter. The prevalence of hypertension on the problem list of the EHR was 46.1%. Nine per cent of encounters had hypertension listed as primary diagnosis and 12% had hypertension listed as secondary diagnosis. Eightyeight per cent of those identified as hypertensive (defined as hypertension on the problem list or two encounters with a hypertension diagnosis) had an antihypertensive medication in the active medication list of EHR. Mean age, per cent male and per cent with a history of hypertension were similar across month of year and day of week. However, for the later hours of the day (that is, after 1600 hours), the mean age was 5-10 years younger, male subjects were more common and per cent with hypertension was up to 10% lower.
Temporal factors
The SBP was X120 mm Hg in 70% of measurements and X140 mm Hg in 27%. DBPX80 mm Hg and DBPX90 mm Hg were found in 43 and 11% of measurements, respectively.
General estimating equation analysis revealed that in the early morning, mean SBP and DBP measurements and probability of elevated BP were lower than those at other times in the day, rising in the late morning, falling around midday and then steadily increasing through the afternoon and early evening. This was consistent for each of the categorical definitions of elevated BP and for mean BP (Table 1, Figure 1 ). Using a diagnostic cutoff point of 140 mm Hg, the odds ratio (OR) for the evening (1900 hours) versus midday (1200 hours) was 1.23 (95% confidence interval: 1.18, 1.27; Po0.001) and evening (1900 hours) versus morning (0700 hours) was 1.46 (95% confidence interval: 1.32, 1.62; Po0.001). During afternoon and evening hours, SBP increased more relative to DBP, resulting in increased pulse pressure (the difference between SBP and DBP) late in the day.
Mean SBP and DBP measurements and probability of elevated BP are highest during the winter months. Measurements decrease through the spring and are lowest during the summer months, beginning to rise during the fall (Table 1, Figure 1) . Using a diagnostic cutoff point of 140 mm Hg, the OR comparing winter (January) to summer (July) was 1.25 (95% confidence interval: 1.22, 1.27; Po0.001).
Day of the week analysis revealed that BPs were higher on Monday than on other days of the week (Table 1, Figure 1 ). Although the increased values noted for Mondays were significant, the magnitude of the variability by the day of week 
Interactions
Significant interactions were found for age and time of day (Po0.001), gender and time of day (Po0.001), and age, gender and time of day (Po0.001; Figure 2 ). This indicates that trends by time of day may differ based on the gender and age of the subject. Although all age/gender strata display an increasing probability of SBPX120 mm Hg from the afternoon to evening hours, the trends in the morning vary by age and gender. In general, the probability of SBPX120 mm Hg in older age groups tended to decrease throughout the morning hours, whereas the opposite was observed in the youngest age group.
Discussion
Although long-term variability in BP has been demonstrated to occur both by time of day and by season of the year, previous studies have not addressed the manner in which such variability impacts BP measurement in actual clinical practice. Previous studies have also not directly addressed the relevance of this variability to clinical practice. Our analysis, based on more than 2 million BP measurements recorded over a 7-year period, indicates that in clinical practice, measurement of an elevated BP level varies by 40% depending on the time of day and month of year. For example, the probability of obtaining an SBPX140 mm Hg for a measurement taken in July at 1300 hours was 21%, whereas the probability of obtaining an SBPX140 mm Hg for a measurement taken in January at 1900 hours was 30%, a relative difference of 40%. These results suggest that the variability introduced by temporal factors is sufficient to warrant consideration when reviewing BP measurements used in the diagnosis (which requires multiple elevated BPs) and management of hypertension. Failure to consider variability introduced by temporal factors may contribute to misdiagnosis of hypertension and/or lead to misguided initiation or manipulation of therapy.
It is important to note that this study has several limitations. First, research on BP using clinical data Blood pressure by circadian and season changes C Thomas et al is subject to the influence of instrument and human errors in measurement. However, the influence of instrument error is limited in this study by the use of a single sphygmomanometer manufacturer and standard calibration and maintenance protocols within the health system. Although the specific type of sphygmomanometers used for each measurement was unknown (that is, aneroid or mercury), these protocols helped reduce potential error that may arise from using measurements collected using different types of sphygmomanometers. Although all measurements were taken and recorded by employees of the health system using similar procedures for recording and documenting BP, these are clinical BPs taken without a protocol that provided criteria for items such as patient position, length of time at rest or selection of arm, and examiners were not trained in a standard technique. Accordingly, the influence of examiner variability and human error cannot be excluded. Second, 95% of the patient population under study was identified in the EHR as White/Caucasian. Therefore, our results may not be generalizable to patient populations with differing ethnic composition. Although it is possible that some of the variation observed by time and season derives from non-uniform distribution of acute and routine visits and the effect on BP of the anxiety associated with them, the observed contrasts between morning and evening, both of which include acute visits, suggest that this is not a major effect. Finally, the terminal digit preference observed in these measurements was common (43% had values ending with a zero) but similar to that observed in other studies. 10, 11 This may have resulted in normal BPs falsely defined as abnormal (for example, a true SBP of 139 being recorded as 140).
Hypertension is a significant clinical and publichealth problem, affecting an estimated 28% of the American population. Hypertension is one of the most important risk factors for a variety of adverse cardiovascular and renal outcomes. Therefore, it is critically important that the diagnosis and monitoring of hypertension be as accurate as possible. To improve the accuracy of diagnosis and monitoring of this disease, it is necessary to increase the precision of BP measurement and interpretation.
This study was designed to address gaps in current knowledge regarding the degree of variability in BP measurement attributable to temporal factors that exist in actual clinical practice. As Blood pressure by circadian and season changes C Thomas et al demonstrated, the magnitude of the variability in BP measurement attributable to the combined effect of these temporal factors is clinically significant. The most precise interpretation of individual measurements and trends in BP must take into consideration the effect of the time of day and time of the year during which the measurements were taken. In addition, the anticipation of changes in BP attributable to temporal factors may improve accuracy of diagnosis and precision of therapy.
